Model-based Optimization of Biopolymer Production from Glycerol by K. Sharma et al.
K. Sharma et al., Model-based Optimization of Biopolymer Production from Glycerol, Chem. Biochem. Eng. Q., 35 (1) 65–80 (2021) 65
Model-based Optimization of  
Biopolymer Production from Glycerol
K. Sharma, A. K. Srivastava,* and T. R. Sreekrishnan
Department of Biochemical Engineering and Biotechnology,  
Indian Institute of Technology Delhi,  
Hauz Khas, New Delhi 110016, India
The present study focuses on sustainable production of biodegradable polymers by 
Cupriavidus necator DSMZ 545 using glycerol as substrate. The batch growth and bio-
polymer production kinetics were established in a 7-L bioreactor, which resulted in a 
total biomass of 8.88 g L–1 and poly(3-hydroxybutyrate) (PHB) accumulation of 6.76 g L–1. 
The batch kinetic and independently acquired substrate inhibition data were then used to 
develop a mathematical model for PHB production process. This was eventually used to 
design different nutrient feeding strategies under constant feed rate, decreasing feed rate, 
and pseudo steady state of substrate (glycerol) to optimize the PHB production during 
fed-batch cultivation. Among all the fed-batch cultivation strategies, the highest PHB 
accumulation and productivity of 13.12 g L–1 and 0.27 g L–1 h–1, respectively, was 
achieved in fed-batch bioreactor cultivation where a pseudo steady state with respect to 
glycerol was maintained.
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Introduction
PHAs (polyhydroxyalkanoates) have received 
considerable attention as a substitute for synthetic 
polymers. Not only do they possess properties sim-
ilar to conventional petrochemistry-derived plastics, 
but are also biodegradable in nature. However, the 
major abeyance in the large-scale production of bio-
polymers is the cost of PHA production of PHB, 
which is currently much higher than conventional 
plastic, thereby making them less popular than their 
counterpart1. This is primarily due to high substrate 
cost, low concentration of PHB in the growing cells, 
low rate of PHB accumulation, and expensive re-
covery protocols of the PHB. One way to reduce 
the overall cost of PHB production process is to use 
cheaper substrates (e.g., glycerol, which is a 
by-product of the biodiesel industry), which can be 
coupled with highly efficient isolation and purifica-
tion protocols for PHB to economize the production 
cost further.
The major aim of the present study was, there-
fore, to investigate the use of glycerol as a renew-
able raw material for the fermentative production of 
PHB. With the increasing global interest in biofuel 
production, it was considered interesting to examine 
the availability of this industrial by-product (glycerol) 
of Jatropha biofuel industry for the microbial PHB 
production. Some reports2–4 have indicated that Cu-
priavidus necator is able to consume glycerol and 
accumulate biopolymer (PHB) under specific culti-
vation conditions (excess availability of substrate 
and limiting nitrogen concentrations). Apart from 
this, optimization of process parameters (physical 
and chemical)5–7 and bioprocess engineering strate-
gies8–10 are some other approaches generally em-
ployed to address this problem and achieve cost-ef-
fective PHB production. In the present studies, 
mutant strain of C. necator DSMZ 545 (of older 
wild type C. necator DSMZ 529) was used. Thus, 
the main aim was to optimize the medium recipe 
and develop a simple mathematical model, which 
not only satisfactorily describes the observed batch 
kinetics of cultivation, but also explicates substrate 
inhibition and limitation under different nutrient 
feed conditions of fed-batch cultivations.
Different nutrient feeding strategies have been 
implemented by different researchers during the 
fed-batch cultivation for process improvement with 
respect to PHB accumulation and/or productivity 
for other culture systems11–14. However, to date there 
are only very few reports on kinetic analysis of 
PHB production by C. necator15–18 and particularly 
none on the use of mathematical model for the de-
sign of nutrient feeding of fed-batch cultivation 
strategies for growth associated PHB production us-
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ing C. necator DSMZ 545. Hence, the present work 
highly advocates that mathematical models could 
be an excellent tool to understand the system be-
haviour and help in the design of cultivation strate-
gies for process optimization with minimum exper-
imentation19. In addition, since none of the literature 
reports on C. necator has employed the use of 
mathematical model for the design of nutrient feed-
ing strategy(ies) in the fed-batch cultivation, this 
can be considered as the steppingstone for employ-
ment of simple and logical approaches of fed-batch 
cultivations and their optimizations. This would sig-
nificantly minimize the experimentation to increase 
the yield and productivity of PHB accumulation. 
The developed mathematical model could also serve 
as a useful tool to design appropriate reactor opera-
tion strategies to optimize the PHB concentration 
and/or productivity19. The present investigation thus 
focused on economical biopolymer production for 




The strain Cupriavidus necator DSMZ 545 
was procured from German Collection of Microor-
ganisms and Cell Cultures (DSMZ, Germany) and 
activated in Luria-Bertani Media (HI Media, India) 
by incubating at 30 °C for 48 h. Thereafter, the cells 
were grown and maintained on LB Agar plates/
slants at 30 °C for 48 h, and then stored at 4 °C. 
These were then subcultured monthly to maintain 
the viability of the organism.
Culture media
No literature reports were available on opti-
mized medium recipes for utilization of glycerol by 
C. necator. An attempt was, therefore, made to de-
termine the highest concentrations of the key nutri-
ents commonly used for cultivation of C. necator 
from existing literature studies2,20–25 which formed 
the basis for statistical optimization in the present 
studies. The concentrations of these key nutrients 
were then varied by ±20 % to determine the range 
(low/high concentrations) to be used for identifica-
tion of the statistically optimized media as described 
below: 40 g L–1 (pure) glycerol, 2 g L–1 (NH4)2SO4, 
1.5 g L–1 KH2PO4, 3.5 g L
–1 Na2HPO4, 0.2 g L
–1 Mg-
SO4∙7H2O, 0.02 g L
–1 CaCl2∙2H2O, 0.058 g L
–1 Am-
monium Fe(III) citrate, and 1 mL trace element 
solution (TES). TES consisted of 0.1 g L–1 Zn-
SO4∙7H2O, 0.03 g L
–1 MnCl2∙4H2O, 0.30 g L
–1 
H3BO3, 0.2 g L
–1 CoCl2∙6H2O, 0.02 g L
–1 NiCl2∙6H2O, 
and 0.03 g L–1 Na2MoO4∙2H2O. Sulphates and phos-
phates in the medium were autoclaved in separate 
flasks to prevent the precipitation of medium com-
ponents during sterilization; ammonium Fe(III) ci-
trate and TES were only filtered sterilized using 
0.22 µm syringe filter (Millipore, Ireland). All the 
sterilized medium components were then mixed 
aseptically in the laminar hood chamber. All culture 
media throughout the experiments were adjusted to 
a pH value of 6.8 and incubated at 30 °C26.
Inoculum development
Two loops of actively growing colonies on 
Luria Broth (LB) agar plates were transferred asep-
tically to 100-mL flask containing 20 mL sterile LB 
broth. These cultures were incubated overnight at 
30 °C and later transferred to 50 mL of sterile me-
dium in a 250-mL flask with 5 % v/v of the inocu-
lum to ensure the viability of the cells.
The inoculum for shake flask and/or bioreactor 
cultivation was developed according to the afore-
mentioned protocol to ensure reproducibility in re-
petitive cultivations. For chemically defined media, 
the concentration of major limiting nutrient, glycerol, 
was enhanced gradually from 10 g L–1 to 20 g L–1 in 
a stepwise manner (while the other medium compo-
nents were kept the same), and then finally to statis-
tically optimized concentration of 40 g L–1 in the 
final shake flask to let the cells slowly adapt to high 
glycerol concentration. An amount of 200 m L–1 of 
inoculum culture of C. necator (5 % of working 
volume) was then used to inoculate the bioreactors.
Selection of significant effectors- Plackett Burman 
Design
Plackett Burman (PB) experimental design was 
used as an initial screening tool for identifying sig-
nificant process variables affecting the key respons-
es, namely, biomass and PHB accumulation. Seven 
factors – glycerol, (NH4)2SO4, KH2PO4, Mg-
SO4∙7H2O, Na2HPO4, CaCl2∙2H2O, and TES were 
selected as the key effectors for growth and PHB 
production by C. necator (Table 1). Highest con-
centration ranges of above effectors were selected 
from the extensive literature studies available13,14,22–25 
for PHB fermentation process by C. necator (for-
merly known as Waustersia eutropha or Ralstonia 
eutropha). These nutrients were then varied by 
±20 % to determine the range of statistical optimi-
zation protocol. Two concentration levels, high (+1) 
and low (–1) were thus identified, and their impact 
on the responses, biomass, and PHB formation was 
examined. A set of twelve experiments were formu-
lated using Stat-Ease Design Expert Software (De-
sign Expert 5.0.9, Stat Ease Inc., MN, USA). These 
trial experiments were then performed in the shake 
flask, and responses (biomass and PHB) were as-
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sessed. Statistical analysis of the 12 trial experi-
ments and their responses (biomass and PHB) by 
the Stat-Ease software yielded t-coefficient values 
for all seven effectors. Those medium components 
which yielded highest t-coefficient values were then 
selected for Response Surface Methodology (RSM) 
studies to obtain their optimum concentrations.
Response Surface Methodology for optimization of 
concentrations of effectors
Response Surface Method (RSM) was utilized 
to optimize the effect of varying concentration of 
the effectors in detail on output responses (biomass 
and PHB). The effect of changing the concentra-
tions of each of the three critical effectors (screened 
by the experimental design of Plackett-Burman) on 
the overall responses (biomass and PHB) was stud-
ied in detail using Central Composite Design 
(CCD), and a suitably identified statistical model 
(describing linear squared and interactive effects of 
these effectors) was then developed. The 23- Facto-
rial CCD was formulated using Design Expert 
(5.0.9) software (Stat-Ease Corporation, USA), 
which led to a total number of 20 trial experiments 
(Table 4). These were then performed in shake flask 
to optimize the concentration of those selected ef-
fectors having high ‘t’-values. The concentration of 
these nutrients and their responses were used for 
nonlinear regression analysis and identification of 
model parameters of responses (biomass and PHB) 
as described later. A special feature of the software, 
point-prediction, was used thereafter to identify the 
final optimized values of the effectors.
Preliminary substrate inhibition studies
To investigate the effect of limiting substrate(s) 
(glycerol and nitrogen) on the growth of C. necator, 
substrate inhibition studies were conducted sepa-
rately in 1-L shake flasks with 250 mL optimized 
media by changing the concentrations of aforemen-
tioned key limiting nutrients, while keeping the 
concentrations of the rest of the medium compo-
nents at their optimal value. The effect of the in-
crease in the substrate (glycerol concentration) from 
5 g L–1 to 100 g L–1 on C. necator growth was ob-
served while keeping the rest of the medium com-
ponents at optimum value during shake flask culti-
vation by monitoring the OD600nm (Optical Density) 
during the initial growth phase. Samples were with-
drawn at 2-h intervals and analyzed for biomass. 
Similarly, the effect of increase in nitrogen concen-
tration from 0.5 g L–1 to 13 g L–1 on the growth of 
C. necator was monitored while keeping the glycer-
ol concentration constant at 40 g L–1. The maximum 
specific growth rate (µmax) at different times for sub-
strate inhibition studies was calculated as slope of a 
graph between lnX vs time with respect to glycerol/
nitrogen concentrations in the exponential growth 
phase.
Study of batch growth and PHB production 
kinetics of C. necator in 7-L bioreactor using 
statistically optimized media
Batch growth and PHB accumulation studies of 
C. necator were done in a 7-L stirred tank dou-
ble-jacketed bioreactor equipped with two six-flat-
blade impellers (Applikon Dependable Instruments, 
The Netherlands) and three baffles with pH, tem-
perature, dissolved oxygen sensor, and ADI 1025 
Controller containing 4-L optimized medium recipe 
as described in the section “Culture media”. The 
dissolved oxygen (DO) concentration inside the bio-
reactor was measured by Applisens dissolved oxy-
gen probe (Applikon Dependable Instruments, The 
Netherlands), and its concentration was maintained 
above 30 % by manually adjusting the speed of the 
agitator and/or flow rate of sterile air in the bioreac-
tor. The temperature was maintained at 30 °C by 
circulating constant-temperature water in the jacket 
of the bioreactor through Chilled Water Circulator 
(Julabo FP50, Germany). Culture pH was main-
tained at 6.8 by automatic addition of 2N HCl/2N 
NaOH solution through ADI pH controller unit. 
Samples were withdrawn at intervals of 3 h, and an-
alyzed for biomass, residual glycerol, nitrogen con-
centration, and PHB content. The batch bioreactor 
experiments were performed for 48 h (in triplicate) 
and average values of process variables (X, S, P) are 
reported.
Development of batch mathematical model
A mathematical model was developed using the 
batch growth and PHB accumulation kinetics ob-
tained from bioreactor experiments. The inde-
pendently acquired data obtained from substrate in-
hibition (glycerol and nitrogen) experiments were 
also used for the development of the mathematical 
model.
The following assumptions were made for the 
development of the mathematical model:
– Glycerol and nitrogen were the only limiting 
(substrates) affecting the growth and PHB produc-
tion.
– The rest of the medium components were 
available in excess during the entire fermentation.
– The temperature (30 °C) and pH (6.8) of the 
culture broth was maintained constant throughout 
the course of cultivation.
Nonlinear regression technique as proposed by 
the original algorithm of Rosenbrock27, and the 
computer programs and methodology described by 
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Volesky and Votruba28 were then used to identify 
the optimized values of model parameters. This 
technique minimizes the differences between the 
experimental data points and corresponding model 
simulations for different process variables at differ-
ent times to carefully define the objective function 
SSWR (explained in Equation 11).
Development of model-based nutrient(s) 
feeding strategy(ies) in fed-batch fermentation
From substrate inhibition studies it was estab-
lished that high concentrations of the major nutri-
ents (glycerol and nitrogen) inhibit the microbial 
growth and product accumulation, thereby indicat-
ing that only slow feeding of the nutrients in the 
bioreactor (fed-batch cultivation) would eliminate 
the substrate inhibition problem, and be a better 
choice for obtaining significantly high biomass with 
increased PHB accumulation and productivity in 
the bioreactor. Therefore, the mathematical model 
equations (Equations 1–10) were extrapolated to 
simulate fed-batch cultivations by taking overall 
mass balance around the bioreactor and incorporat-
ing the dilution terms in the model equations (Equa-
tions 12–17). This fed-batch mathematical model 
was then used to generate several offline computer 
simulations for different nutrient(s) feeding strate-
gies as described further.
Fed-batch cultivation strategy
The bioreactor cultivation was initiated as a 
batch in a 7-L bioreactor (working volume 4-L) 
containing optimized media (initial glycerol con-
centration of 40 g L–1). When the culture was in ex-
ponential growth phase, constant feeding of glycer-
ol (175 g L–1) and nitrogen (2.5 g L–1) at 100 mL h–1 
was initialized at 15 h (as identified by model sim-
ulations). The constant feeding of substrates glycer-
ol and nitrogen were continued for 20 h (15 h –35 
h) for maintenance of culture growth (as predicted 
by the model). After the nutrient feeding was 
stopped, the (secondary) batch cultivation was re-
sumed further until 48 h for the consumption of the 
residual substrates (glycerol and nitrogen) in the 
bioreactor. For maintenance of pseudo steady state 
with respect to substrate (glycerol), variable feeding 
of glycerol at 200 g L–1 concentration (along with 
proportionately increased concentrations of other 
medium components) had started at 20 h and con-
tinued until 40 h of cultivation to ensure availability 
of a constant non-limiting and non-inhibitory con-
centration of (key) substrate glycerol concentration 
(as identified by model) during the fed-batch culti-
vation period. Secondary batch fermentation was 
then performed to consume the residual glycerol in 
the bioreactor. For decreasing feed rate, feeding of 
both glycerol (200 g L–1) and nitrogen (3.5 g L–1) 
was initiated at 16 h at a feed rate of 75 mL h–1. The 
feeding rate thereafter was reduced to 55 mL h–1 af-
ter 24 h of cultivation. Feeding of substrate was 
then continued at this flow rate for another 8 h, and 
thereafter the flow rate was further reduced to 35 
mL h–1, which was then continued until the end of 
fermentation. The guidance for gradual decrease of 
nutrient feed rate emerged from several off-line 
model simulations on computer with the main aim 
that the need of secondary batch cultivation may be 
eliminated, and it should be possible to harvest the 
bioreactor immediately after the termination of the 
nutrient feed to reduce total cultivation time and 
eventually enhance the biomass/PHB accumulation.
Analytical methods
Optical density of appropriately diluted culture 
broth was measured by spectrophotometer (OPTI-
ZEN model 3220UV, Mecasys, Korea) at 600 nm 
against the medium blank. An amount of 30 mL of 
the fermentation broth samples were withdrawn 
from the bioreactor every three hours. This was 
then centrifuged (Centrifuge 5810 R, Eppendorf In-
dia Limited, India) at 9,000 g for 15 min at a tem-
perature of 4 °C, and the supernatant was used for 
the analysis of residual nutrients concentration. 
Glycerol was analyzed by high performance liquid 
chromatography (HPLC) (Waters 515), and separa-
tion was achieved using Phenomenex Rezex 
RCM-Monosaccharide Ca2+ (8 %) column (Column 
Dimensions: 300 x 7.8 mm ID; Elution Type: Isoc-
ratic; Eluent: Water; Flow Rate: 0.5 mL min–1; Col. 
Temp.: 60 °C; Refractive Index (RI) detector). The 
Kjeldahl method was used for the analysis of re-
sidual ammonia nitrogen29. The cell pellet left in 
the centrifuge tube after centrifugation was dried at 
90 °C in a hot air oven, and CDM (cell dry mass) 
was calculated. PHB concentration was quantified by 
gas chromatography (GC 2010 Shimadzu Co., Japan) 
using benzoic acid as an internal standard30,31.
Results and discussion
Statistical optimization of nutrients for medium 
recipe
The initial screening of the nutrients (effectors) 
on the desired responses (biomass and PHB) was 
performed according to the Plackett-Burman proto-
col, which helped in prioritizing the effectors affect-
ing the overall response. Each nutrient effector was 
evaluated at two concentration levels (as shown in 
Table 1), high (+1) and low (–1), as per the guid-
ance available from the literature studies12–14,22–25. A 
nutrient recipe consisting of 12 experiments was de-
signed by the software. Table 2 highlights the con-
centration distribution of these factors in the trial 
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experiment according to the Design Expert software 
and their responses in the study. From Table 2, it 
can be concluded that the high concentration of 
glycerol can affect biomass and PHB differently.
Table 3 summarizes the statistical ‘t’-value co-
efficients for the different effectors (A-G) for the 
experimental study highlighting the significant ef-
fect of any effector on the responses (biomass and 
PHB). As may be seen from Table 3, the value of 
‘t” for nutrients glycerol, (NH4)2SO4, and TES were 
positive (in increasing order), and therefore these 
were the major nutrients (critical effectors) affect-
ing the biomass and PHB formation by C. necator. 
This was an obvious conclusion also since carbon 
and nitrogen are the two most important factors that 
play a key role in PHB accumulation, which nor-
mally takes place under excess availability of car-
bon source and low (limiting) concentrations of ni-
trogen and/or oxygen32. Thus, by optimizing these 
two effectors were expected to yield larger values 
of concentration and productivity of PHB. Trace el-
ement solution (TES), which comprises a number 
of different micronutrients, is also essentially re-
quired for maintenance of protein structure, and 
functioning of key biosynthetic enzymes. Thus, 
these three factors, screened by the experimental 
design of Plackett-Burman, were then subjected to 
further analysis of Response Surface Methodology 
(RSM) to identify the appropriate concentration of 
selectively identified key nutrients. The analysis 
identifies the model parameters of equations (i) and 
(ii) by non-linear regression between concentrations 
of effectors of trial experiments with the corre-
sponding concentrations of effectors by the solution 
of the model. Based on the Plackett–Burman de-
sign, three factors (glycerol, (NH4)2SO4, and TES) 
that showed positive influence on growth and PHB 
were selected, and CCD was used to determine the 
optimum levels of these parameters. A total of 20 
experimental runs with different combinations of 
glycerol (A), (NH4)2SO4 (B), and TES (C) were per-
formed (Table 4), and the responses with respect to 
biomass and PHB were established. The results 
were analyzed by Design Expert Software and the 
following quadratic regression equations were ob-
tained in terms of the selected variables for growth 
and PHB production:
Biomass = 1.63222 + 0.377767A + 0.607749B + 
0.233314C + 0.366739A2+0.0308632B2 + 
0.331384C2 – 0.05AB – 0.35AC + 0.425BC 
(i)
PHB = 0.0163787 +0.111404A + 0.00165526B – 
0.0049446C + 0.0484388A2 + 0.0430762B2 + 
0.0554507C2 + 0.0343931AB + 0.0267856AC + 
0.231374BC
(ii)
where A = Glycerol, B = Ammonium sulphate,  
C = TES (Trace Element Solution).
Ta b l e  1  – Concentration ranges of effectors of the medium 














1 A Glycerol 20 45
2 B (NH4)2SO4 0.5 2
3 C KH2PO4 0.5 2
4 D MgSO4∙7H2O 0.1 3
5 E Na2HPO4 0.4 4
6 F CaCl2∙2H2O 0.01 0.03
7 G TES (Trace Element Solution) 0.5 1.5
Ta b l e  2  – Experimental Design of Plackett-Burman Protocol 
along with their Responses (biomass and PHB)
CODED EFFECTORS (A – G) Response
Exp 





1 20 0.5 0.5 3 4 0.03 0.5 1.78 0.49
2 20 2 2 0.1 4 0.01 0.5 2.59 0.24
3 20 2 2 3 0.4 0.03 1.5 2.75 0.26
4 45 0.5 2 0.1 0.4 0.01 1.5 2.15 0.52
5 45 2 0.5 3 0.4 0.01 0.5 1.78 0.49
6 20 2 0.5 0.1 0.4 0.03 1.5 1.99 1.06
7 45 0.5 2 3 0.4 0.03 0.5 3.04 0.59
8 45 2 0.5 3 4 0.01 1.5 4.52 0.32
9 45 0.5 0.5 0.1 4 0.03 1.5 2.29 0.11
10 20 0.5 0.5 0.1 0.4 0.01 0.5 1.63 0.59
11 45 2 2 0.1 4 0.03 0.5 2.89 0.19
12 20 0.5 2 3 4 0.01 1.5 1.99 0.67
Ta b l e  3  – Statistical ‘t’-value coefficients for different effec-
tors under study for growth and PHB accumula-







A Glycerol 1.901 0.122
B (NH4)2SO4 1.76
2 –0.11
C KH2PO4 0.46 –0.54
D MgSO4∙7H2O 1.20 –0.98
E Na2HPO4 1.90 –1.34
F CaCl2∙2H2O 0.024 –0.35
G TES (Trace Element Solution) 1.293 0.301
The superscript numbers (1, 2, 3) describe the priority of 
significance on the respective responsesa
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The equations (i) and (ii) in terms of coded fac-
tors can be used to make predictions of the respons-
es for any given concentration levels of different 
effector(s). The model demonstrated an adequate 
precision of 4.65 with respect to biomass, and 4.70 
with respect to PHB. Table 5 presents the design 
matrix evaluation for Response Surface Quadratic 
Model, which shows that the model will adequately 
predict the responses within the design space. Thus, 
it exhibited that the model is a good predictor of the 
responses. Optimized concentration of the medium 
components was established by examining point 
prediction feature of the Design Expert Software. 
The point prediction feature of the software allows 
the user to vary the concentration of different effec-
tors at discrete levels with multiple combinations to 
probe their effect on the predicted responses in zero 
time. Point prediction uses the models fit during 
analysis on the factors to compute the point predic-
tion and interval estimates. The predicted values are 
updated as the levels are changed. A maximum 
 biomass and PHB concentration of 3.7 g L–1 and 
1.36 g L–1, respectively, were obtained by the statis-
tical optimization protocol at the following opti-
mized values of medium components: 40 g L–1 of 
glycerol, 2 g L–1 of (NH4)2SO4 and 1 mL L
–1 of TES.
Substrate (glycerol and nitrogen) inhibition 
studies
The effect of increasing glycerol concentration 
(from 5 to 100 g L–1) on C. necator was assessed 
during shake flask cultivations, where the rest of the 
medium components were maintained at a constant 
level in the growth medium. The specific growth 
rate (µ) increased gradually as the concentration of 
glycerol was increased from 5 g L–1 to 25 g L–1 until 
a maximum value of specific growth rate (µmax = 
0.53 h–1) was observed at 25 g L–1 (Fig. 1). This 
may be primarily due to substrate limitation; there-
after inhibition of culture growth and decrease in 
specific growth rate of C. necator was observed 
when the glycerol concentration was further in-
creased beyond 25 g L–1. The specific growth rate 
fell sharply to a value of 0.18 h –1 upon growth of C. 
necator at 60 g L–1 glycerol concentration. Specific 
growth rate continued to decrease until it reached 
0.013 h–1 (almost zero) at a concentration of 100 g L–1. 
Therefore, 100 g L–1 was considered as highest con-
centration at which complete growth inhibition sets 
in. This was considered as critical glycerol concen-
tration (Sm) at which almost complete cessation of 
growth occurs.
Similarly, experiments were conducted by 
varying initial concentrations of nitrogen (as ammo-
nium sulphate) to establish its effect on the growth 
of C. necator. Varying initial nitrogen concentrations 
(0.5–13 g L–1) were taken in the medium, which 
Ta b l e  4  – Experimental Design for Response Surface Meth-




A (g L–1) B (g L–1) C (mL L–1) Biomass  (g L–1)
PHB  
(g L–1)
1 32.5 2.51 1 2.8 0.04
2 53.52 1.25 1 2.4 0.08
3 32.5 1.25 1 2.1 0.008
4 11.48 1.25 1 2.9 0.03
5 20 0.5 1.5 0.9 0.03
6 32.5 1.25 1 0.9 0.08
7 45 2 0.5 3.6 0.03
8 32.5 1.25 0.15 1.9 0.13
9 32.5 1.25 1.84 3.2 0.03
10 32.5 1.25 1 1.7 0.08
11 32.5 1.25 1 2.9 0.03
12 20 2 1.5 3.3 0.09
13 45 0.5 0.5 3.1 1.17
14 32.5 0 1 0.6 0.03
15 45 0.5 1.5 2.1 0.02
16 20 2 0.5 1.2 0.001
17 32.5 1.25 1 0.1 0.001
18 45 2 1.5 3.7 1.37
19 20 0.5 0.5 1.1 0.25
20 32.5 1.25 1 2.1 0.015
Ta b l e  5  – Design matrix evaluation for Response Surface 
Quadratic Model 







A 0.27 1.00 0.0000 13.3 % 38.6 % 91.4 %
B 0.27 1.00 0.0000 13.3 % 38.6 % 91.4 %
C 0.27 1.00 0.0000 13.3 % 38.6 % 91.4 %
AB 0.35 1.00 0.0000 9.8 % 24.9 % 72.2 %
AC 0.35 1.00 0.0000 9.8 % 24.9 % 72.2 %
BC 0.35 1.00 0.0000 9.8 % 24.9 % 72.2 %
A2 0.26 1.02 0.0179 40.4 % 92.7 % 99.9 %
B2 0.26 1.02 0.0179 40.4 % 92.7 % 99.9 %
C2 0.26 1.02 0.0179 40.4 % 92.7 % 99.9 %
Ideal VIF (Variance Inflation factor) is 1.0. VIFs above 10 are 
cause for alarm, indicating coefficients are poorly estimated 
due to multicollinearity. Ideal Ri-squared is 0.0. High Ri-
squared means terms are correlated with each other, possibly 
leading to poor models.
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contained 40 g L–1 glycerol (constant) as the carbon 
source. A maximum specific growth rate (µmax) of 
0.24 h–1 was obtained at nitrogen concentration of 
2 g L–1 ammonium sulphate, while complete inhibi-
tion of culture growth was observed at nitrogen 
concentration of 13 g L–1, as shown in Fig. 2.
These effects of initial glycerol and/or nitrogen 
concentration with respect to specific growth rate 
helped in the identification of appropriate substrate 
inhibition constants of the model equations for the 
batch mathematical model for growth and PHB pro-
duction as described later.
Batch kinetics on C. necator using statistically 
optimized media
Growth kinetics of the C. necator was then 
studied in a lab-scale bioreactor (7 L) under con-
trolled pH and temperature of 6.8, and 30 °C, re-
spectively. Fig. 3 demonstrates the time course of 
F i g .  1  – Effect of increasing initial glycerol concentration on growth of C. necator
F i g .  2  – Effect of increasing initial nitrogen concentration on growth of C. necator
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batch cultivation of C. necator for PHB production. 
The culture exhibited an initial lag phase of around 
9 h, after which it featured exponential growth. 
Batch fermentation featured overall accumulation 
of 8.88 g L–1 biomass, and 6.76 g L–1 PHB concen-
tration in 42 h of cultivation period, thereby result-
ing in a maximum PHB productivity of 0.16 g L–1.
Proposal of mathematical model and 
assessment of model parameters
Differential mass balance equations were used 
for the description of observed batch fermentation 
kinetics of microbial growth, substrate consump-












S K S K
µ µ
   
=    















t S K S K
µ
   
=    
+ +      
 (2)
Equation (2) describes the biomass formation 
rate (dX/dt), which featured limitation by two major 
nutrients, glycerol (S1) and nitrogen (S2) featuring 
applicability of Monod kinetics with respect to key 
substrate glycerol and Sigmoidal kinetics with re-
spect to minor nutrient nitrogen, respectively.
From the preliminary experiments on the growth 
inhibition by increasing initial substrate (glycerol) 
concentration (Fig. 1), it was indicated that the spe-
cific growth rate started to decrease after a particu-
lar concentration of glycerol (above 25 g L–1). How-
ever, almost complete culture growth inhibition was 
recorded only at a glycerol concentration (Sm) of 
100 g L–1. This indicated that an empirical correlation 
proposed by Luong33 describing the inhibition kinet-
ics of culture growth substrate (glycerol) was more 
appropriate to describe the observed experimental 
inhibition pattern by the glycerol, as given below:
 












 = −      
Similarly, culture growth inhibition studies 
with respect to nitrogen exhibited a slow decrease 
in specific growth rate, followed by its decrease to 
zero with increasing initial nitrogen concentration, 
as shown in Fig. 2. The inhibition of culture growth 
by increasing concentrations of nitrogen was also de-
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 (4)
The differential mass balance equation for cul-
ture growth by incorporating the substrate inhibi-
tion terms was described as follows:
F i g .  3  – Batch kinetic data of total biomass, nutrient consumption, and PHB production for C. necator in a 7-L bioreactor (glycerol 
concentration – circle, biomass concentration – triangle, PHB concentration – square, nitrogen concentration – cross)
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The following equation represents the specific 
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represents the yield of biomass with re-
spect to nitrogen, and 
2S
m  is the maintenance energy 
requirement of the cell on nitrogen. The product 
formation was observed during growth phase as 
well for non-growth phase, therefore specific rate of 
product formation (qP) was adequately described by 
the growth-associated component and non-growth- 
associated component as follows:
  1 2Pq k kµ= +  (9)
 1 2
d ( ) 
d
P k k X
t
µ= +  (10)
where k1 and k2 represent the growth-associated and 
non-growth-associated product formation constants, 
respectively. Hence, Eqs. (5, 7, 8, and 10) represent 
the batch mathematical model equations for growth, 
substrate consumption, and PHB accumulation by 
C. necator.
Estimation of model parameters
The optimized values of the model parameters 
(Table 6) were determined by minimizing the dif-
ference between the experimental data points and 
corresponding model simulations using a non-linear 
regression technique27,34 developed by computer 
program28. For the estimation of model parameters, 
a system of differential equations, Eqs. (5, 7, 8, and 
10), was solved using a numerical integration pro-
gram based on Runge-Kutta method of 4th order. 
Thereafter, the search for the minimum of the mul-
tivariable objective function (SSWR) was per-
formed by the original algorithm of Rosenbrock27, 
as described further, and which was extensively 












– SSWR describes the sum of the square of the 
weighted residues
– i reflects the data point and has the limit of 1 to 
n, while j describes the process variable and has 
the limit of 1 to m
– Wj = the weight of each variable (normally taken 
as the maximum value of each process variable) 
to normalize the error between experimental data 
points and model simulation.
–  Δij = difference between the model simulated pro-
cess variable at a particular data point and corre-
sponding experimental data point (ymodel– yexpt).
Fig. 4 shows the comparison of the model sim-
ulation and experimental data points wherein a good 
agreement between the two is clearly reflected. The 
developed model was able to describe successfully 




1 2 1 2
1 2
1 2 1 2
max







S S S SX X
t S K S K S S
µ
          







1 2 1 2
1 2
1 2 1 2
max






S S S S
S K S K S S
µ µ
          
   = − −             + +               
(6)
Ta b l e  6  – Optimized value of the model parameters for PHB 
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Development of model-based nutrient(s) 
feeding strategy(ies) during fed-batch 
cultivation in bioreactor
In the present investigation, the nutrient feed-
ings were designed to ensure non-growth phase of 
cultivation, characterized by excess availability of 
major substrate (glycerol) and limiting concentra-
tion of nitrogen to facilitate enhanced PHB accumu-
lation. Several factors, including limitation of the 
fresh key (major) nutrients feed, its optimal concen-
tration, on/off time, and its rate of addition play an 
important role in successful design of fed-batch cul-
tivations. Thus, the developed batch mathematical 
model can be utilized as a tool to simulate nutrient 
feeding strategies of key limiting nutrients (carbon 
and nitrogen) to yield highest product concentration 
with minimal unconverted substrate at the end of 
fermentation. The batch model equations were ex-
trapolated to describe the fed-batch model, as fol-
lows:
F i g .  4  – Comparison of model simulations (smooth lines) and experimental values (data points) of batch fermentation kinetics of C. 
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Fed-batch cultivation with constant feed rate
With an aim to improve the PHB concentration 
and productivity over the batch cultivation, the de-
veloped model was used to simulate the fed-batch 
strategy with constant feed rate offline and was later 
experimentally implemented. Initially, cultivation 
of C. necator was conducted in batch mode in a 7-L 
bioreactor (4-L working volume) with statistically 
optimized medium recipe. When the culture was in 
an active growing stage, constant feeding of glycer-
ol (175 g L–1) and nitrogen (2.5 g L–1) at 100 mL h–1 
was initiated, as shown in Fig. 5, keeping other me-
dium nutrients at their optimized value. The feeding 
was continued for 20 h in order to sustain the expo-
nential growth of the culture. At 35 h, the reactor 
was again operated in batch mode (secondary batch) 
for the complete consumption of residual substrates. 
The strategy proved extremely advantageous be-
cause the limiting (disappearing) nutrient availabili-
ty at the time when the biomass concentration was 
extremely high (at hour 15) was overcome by addi-
tion of constant feed of glycerol and nitrogen, which 
eventually featured increased rates of biomass and 
product accumulation, and better glycerol consump-
tion. This model-designed nutrient feeding strategy 
ensured a reasonably high glycerol and limiting ni-
trogen availability, which ensured PHB accumula-
tion in the latter phase of the cultivation. A maxi-
mum biomass of 18.79 g L–1 and PHB accumulation 
of 11.37 g L–1 (60 % of CDM) was obtained exper-
imentally in 48 h in the fed-batch cultivation, which 
was in close proximity to the model-predicted val-
ues. Fig. 5 describes the different experimental data 
points and the corresponding model simulations 
(smooth lines) for the fed-batch cultivation under 
constant feed rate, as identified above. This fed-
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where “D” represents the dilution rate= F/V.
F = total flow rate
F1 = flow rate for glycerol
F2  = flow rate for nitrogen
V  = working volume of bioreactor
S01 and S02 are inlet concentrations of substrate(s) glycerol and nitrogen, respectively, in the feed reservoir.
The different fed-batch cultivation strategies used in the present investigation are described further.
F i g .  5  – Model-based fed-batch cultivation at constant feed rate. Comparison between model predictions (smooth lines) and exper-
imental values (data points) (0–15 h-batch; 15–35 h fed-batch at constant feed rate of 100 mL h–1; 35–48 h-batch fermen-
tation). Data points (● Glycerol, × Nitrogen, ■ PHB, ▲ Biomass) represent the average values of the samples (triplicate).
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improvement in PHB productivity (0.23 g L–1 h–1) 
as opposed to 0.16 g L–1 h–1observed during batch 
cultivation.
Fed-batch cultivation at pseudo steady state
Another fed-batch cultivation strategy of pseu-
do steady state was simulated and experimentally 
implemented. A large number of off-line simula-
tions was carried out to identify the glycerol con-
centration such that its constant concentration 
(pseudo steady state) was maintained inside the re-
actor, so that neither limitation nor inhibition of C. 
necator would occur. The model-based cultivation 
was initiated as a batch, and when the culture was 
actively growing and the residual glycerol concen-
tration was reduced to 19.13 g L–1, variable feeding 
of glycerol at 200 g L–1 (along with proportionately 
increased concentrations of other medium compo-
nents) was started at 20 h and fed until 40 h of cul-
tivation. At 40 h, the mathematical model was again 
utilized to simulate secondary batch fermentation so 
that the higher concentration of accumulated resid-
ual glycerol is consumed completely before the ter-
mination of the experiment. For this fed-batch culti-
vation, the model predicted an overall biomass of 
29.94 g L–1 and PHB accumulation of 13.84 g L–1. 
Fig. 6 shows the comparison of experimental (data 
points) along with the corresponding model simula-
tions (smooth lines) for the fed-batch cultivation 
featuring the pseudo steady state with respect to 
glycerol for 20–40 hours. Reasonably high biomass 
concentration of 24.44 g L–1 and PHB accumulation 
of 13.12 g L–1 (53 % of CDM) was obtained exper-
imentally in 48 h of cultivation of C. necator. This 
cultivation strategy exhibited major improvement in 
PHB productivity (0.27 g L–1 h–1) as opposed to 
0.16 g L–1 h–1 obtained during batch cultivation.
Fed-batch cultivation with decreasing feed rate
In the fed-batch cultivation strategies, it was 
observed that there was a need of secondary batch 
cultivations to consume the unconverted glycerol 
when the nutrients feed was completed at full reac-
tor volume condition. Therefore, it was considered 
necessary to design the nutrient feeding strategy in 
such a way that eliminates the need of secondary 
batch cultivations, where termination of feeding of 
substrate (glycerol) coincides with the end of fer-
mentation. Out of several off-line computer simula-
tions of the model, one such model-simulated fed-
batch strategy was experimentally implemented 
where the batch cultivation lasted for 16 h, and 
thereafter feeding of substrate (200 g L–1 glycerol 
and 3.5 g L–1 of nitrogen) was continued until 24 h 
at a feed rate of 75 mL h–1. The feeding rate was 
then reduced to 55 mL h–1 after 24 h of cultivation, 
and was then continued for another 8 h; thereafter, 
the flow rate was further reduced to 35 mL h–1 until 
the end of fermentation (48 hours). Design of such 
a strategy predicted 20.57 g L–1 of biomass and an 
F i g .  6  – Model-based fed-batch cultivation involving constant availability of substrate. Data points represent experimental values, 
and smooth lines indicate model predictions. 0–20 h batch cultivation, 20–40 h – fed-batch cultivation, 40–48 h – second-
ary batch cultivation. Data points (● Glycerol, × Nitrogen, ■ PHB, ▲ Biomass) represent the average values of the sam-
ples (triplicate).
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accumulation of 11.54 g L–1 of PHB. Experimental 
implementation of aforementioned fed-batch culti-
vation strategy resulted in accumulation of 17.59 g L–1 
biomass and 10.71 g L–1 PHB concentration in 48 h 
(as compared to corresponding biomass and PHB 
values of batch cultivation (8.88 g L–1 and 6.76 g L–1, 
respectively). Fig. 7 describes a comparison of 
model simulation and experimental observation of 
fed-batch cultivation, when a decreasing feed rate 
strategy was implemented in the bioreactor. This fed- 
 batch cultivation strategy also resulted in an increase 
in overall productivity of PHB to 0.23 g L–1 h–1 as 
opposed to 0.16 g L–1 h–1 obtained during batch cul-
tivation.
Figs. 5, 6, and 7 clearly suggest that the exper-
imental process variables were matching with the 
model simulations for almost the entire cultivation 
period. This, along with Table 8, demonstrated the 
validity of the mathematical model particularly 
during highly dynamic fed-batch cultivation condi-
tions, as well as established its use for enhancing 
the productivity for PHB accumulation.
Discussion
To date, there are very few reports on PHB pro-
duction by C. necator15,17,18,20,21,36,37 and none on the 
use of mathematical models for the design of nutri-
ent feeding strategies for growth-associated PHB 
production using C. necator DSMZ 545 on glycerol.
It has been invariably observed that during 
batch cultivation, limitation of essential nutrients 
(carbon) occurs during a major part of cultivation of 
microbial cells, which significantly hinders growth 
of C. necator and accumulation of PHB. For keep-
ing high growth and product accumulation rates, a 
fresh supply of nutrient(s) is necessary at appropri-
ate times. Therefore, a set of model equations was 
simulated by a computer program, and the different 
fed-batch cultivation strategies were designed by 
varying the carbon and nitrogen concentrations in 
the feed at different time intervals. Table 7 shows 
some of the best possible strategies demonstrating 
high biomass and PHB accumulation in the present 
study, and Table 8 shows predicted and experimen-
tal data of fed-batch cultivation of C. necator. The 
main objective of all fed-batch simulations was to 
ensure high biomass with maximum PHB accumu-
lation at the end of the fermentation. Among all ex-
perimented strategies, the best results were obtained 
with pseudo steady state of glycerol wherein ma-
ximum PHB accumulation of 13.12 g L–1 in 7-L 
bioreactor was observed. The developed model 
 predicted high PHB accumulation, which was ex-
perimentally verified with minimum experimental 
efforts by cultivation of C. necator on glycerol, thus 
demonstrating the high predictive power of the 
mathematical model for enhanced PHB production.
Different researchers have also implemented 
different nutrient feeding strategies during the fed-
F i g .  7  – Model-based fed-batch cultivation with decreasing feed rate. Comparison between model predictions (smooth lines) and 
experimental values (data points). 0–16 h Batch, 16–48 h fed-batch; 16–24 h – feeding rate of 75 mL h–1, 24–32 h – feeding rate of 
55 mL h–1, 32–48 h feeding rate of 35 mL h–1. End of feeding coincides with end of fermentation (48 h) Data points (● Glycerol, 
× Nitrogen, ■ PHB, ▲ Biomass) represent the average values of the samples (triplicate).
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batch cultivation for process improvement with re-
spect to PHB accumulation and/or productivity. 
Fed-batch cultivation of A. latus ATCC 29713 was 
used for PHB accumulation wherein the effect of 
constant rate feeding, exponentially increasing feed-
ing rate, and pH stat fed batch cultures were exam-
ined on the maximum PHB accumulation. It was 
possible to accumulate 18.2 g L–1 PHB under pH-
stat fed batch cultivation. In addition, the distinct 
capability of the mathematical model to successful-
ly predict highly dynamic fed-batch cultivation 
strategies was demonstrated by their experimental 
implementation14. A significantly high PHB concen-
tration of 22.65 g L–1 and an overall PHB content of 
76 % was achieved during constant feed rate fed-
batch cultivation by using the model-based cultiva-
tion. This was the highest PHB content reported so 
far using Azohydromonas australica. Hence, the 
present work further demonstrated that mathemati-
cal models are excellent tools for understanding the 
culture behaviour without extensive trial experi-
ments, as well as help greatly in the design of bio-
reactor cultivation strategies for process optimiza-
tion with minimum experiments. The scope of the 
present mathematical model can be further en-
hanced by making it pH- and temperature-sensitive, 
and used for the design of more complex fed-batch/
continuous cultivation strategies for over produc-
tion of PHB by C. necator.
Conclusions
In the present study, glycerol, an inexpensive 
carbon source, was used for the production of PHB. 
The methodology featured statistical media optimi-
zation for the cost-effective production of PHB by 
C. necator. Thereafter, mathematical model for 
PHB production was developed using batch kinetic 
data and culture growth inhibition data of C. neca-
tor. The developed batch kinetic model was extrap-
olated to fed-batch cultivations, and used for the 
design of different nutrient feeding strategies for 
high PHB accumulation. Different model-based 
fed-batch cultivation strategies were then experi-
mentally implemented. Among all cultivation strat-
egies, maximum PHB accumulation and productiv-
ity of 13.12 g L–1 and 0.27 g L–1 h–1, respectively, 
were obtained when the fed-batch was carried out 
under maintenance of pseudo steady state with re-
spect to substrate (glycerol) for a major period of 
cultivation. This strategy featured maintenance of 
high substrate availability and limiting concentra-
tions of nitrogen, which led to high intracellular 
PHB accumulation. The manuscript summarizes a 
comprehensive engineering optimization strategy 
for improvement of productivity of PHB accumula-
tion, which involves maintenance of specific nutri-
ent availabilities (high or low) during the cultiva-
tion. The methodology adopted in this investigation 
is system-independent, and can be applied to other 
cultivation systems for process optimization in min-
imum trial and error experiments.
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Ta b l e  7  – Comparison of batch and fed-batch cultivation strategies adopted in present study
Batch cultivation Fed-batch at constant feed rate
Fed-batch at Pseudo 
steady state
Fed-batch at decreasing 
feed rate
Time (h) 42 48 48 48
Biomass (g L–1) 8.88 18.79 24.44 17.59
PHB (g L–1) 6.76 11.37 13.12 10.71
Productivity (g L–1 h–1) 0.16 0.24 0.27 0.23
Ta b l e  8  – Model predictions and experimental data of fed-batch cultivation of C. necator
Cultivation strategy Feeding mode
Maximum biomass (g L–1) Maximum PHB (g L–1)
Moda Expb Moda Expb
Fed-batch Constant feed rate 18.65 18.79 10.6 11.37
Fed-batch Pseudo steady state 29.94 24.44 13.84 13.12
Fed-batch Decreasing feed rate 20.57 17.59 11.54 10.71
Moda – model predicted values, Expb – results of experimental observations
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L i s t  o f  s y m b o l s
KS1 – saturation constant for glycerol consumption, 
g L–1
KS2 – saturation constant for nitrogen consumption, 
g L–1
a1 – exponent indicating type of relationship be-
tween S1 (glycerol) and µ
a2 – exponent indicating type of relationship be-
tween S2 (nitrogen) and µ
Sm1 – critical glycerol concentration at which com-
plete inhibition occurs









Y  – yield with respect to nitrogen, g g–1
1S
m  – maintenance energy requirement of the cell 
on glycerol
2S
m  – maintenance energy requirement of the cell 
on nitrogen
qS1 – specific rate of glycerol consumption, h
–1
qS2 – specific rate of nitrogen consumption, h
–1
qP – specific rate of product formation, h
–1
K1 – growth-associated product formation con-
stant, g g–1
K2 – non-growth-associated product formation 
constant, h–1
S1 – glycerol concentration, g L
–1
S2 – nitrogen concentration, g L
–1
X – biomass concentration, g L–1
G r e e k  s y m b o l s
µmax – maximum specific growth rate, h
–1
µ – specific growth rate, h–1
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